DESCRIPTION

Title of Invention: BATTERY PACK DIAGNOSING METHOD, CELL
DIAGNOSING METHOD, BATTERY PACK DIAGNOSING DEVICE, AND CELL

DIAGNOSING DEVICE

Technical Field
[0001]

The present invention relates to a battery pack
diagnosing method, a cell diagnosing method, a battery pack

diagnosing device, and a cell diagnosing device.

Background Art
[0002]

A battery pack including a plurality of cells is built
in an electric vehicle (EV) and the like. Since such a
battery pack needs to be replaced at appropriate times,
there i1s a demand for a technique for accurately predicting
the life of battery packs.

[0003]

JP2009-210284A (PTL 1) discloses a device that
calculates and displays the remaining capacity of an
assembled battery based on a charging capacity that each
cell can discharge up to a discharge stop voltage and a

charge capacity that the assembled battery can discharge up



to the minimum guaranteed output final voltage.
[0004]

In this specification, the state of charge of each
cell in the battery pack is called "SOC". Further, an open

circuit voltage i1s called "OCV".

Citation List
Patent Literature
[0005]

PTL 1: JP2009-210284A

Summary of Invention
Technical Problem
[0006]

Information on the SOC of each cell in the battery
pack i1s required to calculate the energy capacity of the
battery pack.

[0007]

Communication data from an EV and the like often
contain only SOC information of one cell as a representative
SOC of the battery pack and does not contain SOC information
of other cells. This Is because a battery management unit
selects one of the cells in the battery pack to measure the
SOC, but 1t 1s unclear which cell is selected.

[0008]



For that reason, when the energy capacity of the
battery pack i1s calculated using the representative SOC of
the battery pack in a state where the voltages of the cells
in the battery pack are not uniform (i.e., unbalance state),
there i1s a problem that a calculation error of the energy
capacity iIncreases.

[0009]

An object of the present iInvention is to accurately

calculate the energy capacity of the battery pack even 1in

an unbalance state.

Solution to Problem
[0010]

The method for diagnosing a battery pack according to
the present invention is a method for diagnosing a battery
pack having a configuration in which a plurality of cells
are connected iIn series, using a system for obtaining
detected data including the current and temperature of the
battery pack and the voltage of each cell, and includes a
step of calculating an electric charge capacity and a SOC
of each cell, using the current and the temperature, the
voltage of each cell, an OCV-SOC function, and a resistance
table, and calculating an amount of unbalance, which is an
estimated value of the SOC, and a resistance of each cell

when the battery pack is TfTully charged, and a step of



calculating an energy capacity of the battery pack using
the electric charge capacity, the amount of unbalance, and

the resistance.

Advantageous Effects of Invention
[0011]

According to the present invention, It Is possible to
accurately calculate the energy capacity of the battery pack

even in an unbalance state.

Brief Description of Drawings
[0012]

[Fig. 1] Fig. 1 is a schematic configuration diagram
illustrating an example of a battery pack diagnosing system
according to a first embodiment.

[Fig. 2] Fig. 2 is a configuration diagram
illustrating an example of a battery pack built into an EV.

[Fig. 3] Fig. 3 is a table illustrating an example of
communication contents from the EV to a server.

[Fig. 4] Fig. 4 is a schematic configuration diagram
illustrating an example of a battery table in Fig. 1.

[Fig. 5] Fig. 5 1s a flowchart i1llustrating an example
of processing in a SOC calculating means 107 of Fig. 1.

[Fig. 6] Fig. 6 1s a flowchart i1llustrating an example

of processing in a battery pack energy capacity calculating



means 108 of Fig. 1.

[Fig. 7A] Fig. 7A is a graph 1llustrating the voltage
of each cell in an unbalance state In the battery pack.

[Fig. 7B] Fig. 7B is a graph illustrating the voltage
of each cell In a state where the unbalance state of the
battery pack is eliminated.

[Fig. 8] Fig. 8 i1s a flowchart i1llustrating an example
of a method for setting an OCV of a battery table iIn a
battery pack diagnosing system.

[Fig. 9] Fig. 9 i1s a diagram i1llustrating an example
of performing function approximation on the OCV of a battery
table using a discharge curve analysis.

[Fig. 10] Fig. 10 is a flowchart illustrating an
example of a method for calculating the replacement time of
the battery pack.

[Fig. 11] Fig. 11 is a table illustrating an example
of a battery capacity table.

[Fig. 12] Fig. 12 is a table illustrating an example

of a battery diagnosis result table.

Description of Embodiments
[0013]

In the present disclosure, the automatic generation
of a table and the calculation of the energy capacity of

the battery pack are performed. The present disclosure



includes a method for transferring data of a battery pack
built 1n an EV to a server and diagnosing the deterioration
of the battery pack in the server and the like.

[0014]

Regarding a device for performing this diagnosing
method, there are a pattern of performing a calculation on
the server, a pattern of performing calculation only on a
terminal inside the EV, and a pattern of performing a
calculation on both the server and the terminal i1nside the
EV. A series of these means may be implemented as a program
within the server or may be implemented using a program of
only the terminal within the EV, or a program of both the
terminal of the EV and the server.

[0015]

However, the present disclosure is not limited to the
following embodiments and includes various modifications
and application examples, which are within the technical
concept of the present disclosure, within its scope. For
example, the battery pack diagnosing system described below
can be applied not only to the EV, but also to battery packs
for home energy management systems (HEMS), building energy
management systems (BEMS), factory energy management
systems (FEMS), railroads, and construction machinery.
[0016]

Embodiments of the present disclosure will Dbe



described in detail below with reference to the drawings.
[0017]

(First Embodiment)

Fig. 1 is a schematic configuration diagram
illustrating an example of the battery pack diagnosing
system according to this embodiment.

[0018]

In this drawing, a battery pack diagnosing system
includes a server 100 (also referred to as a 'computing
device" or 'diagnosing device"), a plurality of electric
vehicles (EV) 101, and a communication device 102 (for
example, a mobile terminal such as smartphone, a Wi-Fi
(registered trademark) router, an in-vehicle computer such
as a car navigation system, and the like) in each EV, as
components. The server 100 includes a storage device 103
(a first storage device) for accumulating EV communication
data (the types of data will be described later) collected
from each EV via the communication device 102, a second
storage device for storing a battery table 104, a table
setting means 105 (table setting unit), and an in-operation
battery pack energy calculating means 106 (in-operation
battery pack energy calculation unit). The iIn-operation
battery pack energy calculating means 106 includes a SOC
calculating means 107 (SOC calculation unit), a battery pack

energy capacity calculating means 108 (battery pack energy



capacity calculation unit), and a third storage device that
stores SOC data group 109.
[0019]

That 1is, it consists of two phases including an
initial setting phase (table setting means 105 for automatic
table setting) and an 1in-operation phase (in-operation
battery pack energy calculating means 106 for calculating
SOC and energy capacity). The initial setting phase will
be described in detail 1In second and third embodiments. The
in-operation phase will be described In the first embodiment.
IT an OCV table, a charge resistance table, and a discharge
resistance table are set by measuring and calculating the
electrical characteristics of the battery in advance, the
initial setting phase is unnecessary and only the 1iIn-
operation phase is performed.

[0020]

In addition, although this embodiment and Fig. 1 are
examples in which calculation is performed on the server,
the calculation may be performed at an edge such as in-
vehicle BMU or in-vehicle smartphone, or calculation may be
performed on the server and an edge such as the i1n-vehicle
BMU or in-vehicle smartphone. When performing calculations
by both the server and the in-vehicle BMU or in-vehicle
smartphone, a diagnosing system constructed and improved

from a large amount of data in a cloud may be sent to the



edge side.
[0021]

In this diagnosing method, the SOC of each cell is
calculated from the OCV table and the charge resistance
table using communication data obtained while the battery
pack is being charged by a charger. In this case, the 0OCV
table i1s a table 1In which a SOC value i1s associated with
the OCV, and can be called an ™"OCV-SOC function™. The
communication data iIs detected data obtained from the EV
via a communication device. Then, using the SOC of each
cell, the electric charge capacity of each cell (hereinafter
referred to as "Ah capacity'), an estimated value of the
SOC of each cell when the battery pack is fully charged
(hereinafter referred to as "amount of unbalance'), and the
resistance are obtained.

[0022]

In Fig. 1, although the battery pack is built into the
EV, the present disclosure is not limited thereto, and the
battery pack may be fixated on as a stationary power storage
device. Further, the diagnosing device is not limited to
being installed outside the EV and may be installed inside
the EV.

[0023]
Fig. 2 i1s a configuration diagram illustrating an

example of the battery pack built into the EV.
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[0024]

The battery pack has a configuration in which N cell
groups 203 each having L cells 201 connected in parallel
are connected in series. Here, the cell group 203 is
regarded as one battery cell. One temperature sensor 202
is attached to each of the selected M cell groups 203. In
other words, M temperature sensors 202 are arranged In the
battery pack.

[0025]

A battery management unit 205 (BMU) that manages the
battery pack is also built into the EV. The BMU collects
the voltage of each of the cell groups 203 connected 1in
parallel, the current measured by an ammeter (current
sensor) 204, and the temperature measured by the M
temperature sensors 202 via a network 206 (LAN) inside the
EV and calculates a representative SOC of the battery pack.
The BMU can transmit information (detected data) such as
the current, voltage, temperature, and representative SOC
of the battery pack to the communication device 102 via the
LAN. The communication device 102 receives and transmits
such i1nformation to the server 100 (Fig. 1). This
transmission communicates information to the server
periodically while the ignition of the EV is turned on.
This communication interval may be, for example,

approximately 1 second, or may be a longer interval of 5
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seconds or greater.
[0026]

In summary, the detected data may be acquired at time
intervals of less than 5 seconds or may be acquired at time
intervals of 5 seconds or greater.

[0027]

Next, the contents of communication sent from the
communication device to the server will be described.
[0028]

Fig. 3 1s a table 1illustrating an example of
communication contents from the EV to the server.

[0029]

In this drawing, the vehicle ID of No. 1 indicates an
identification ID of the EV. The time of No. 2 indicates
the time when the current, voltage, and temperature of the
battery are measured, not the transmission time. The
position of No. 3 iIndicates the longitude and latitude of
the position of the EV at the time when the current, voltage,
and temperature of the battery were measured. The vehicle
state flag of No. 4 is a flag indicating whether the EV 1is
charging, stopped, or traveling. In this example, the
battery pack current of No. 5 is a value iIn which the
charging side is positive, and indicates the current at the
time of No. 2. The SOC of the battery pack of No. 6

indicates the representative SOC of the battery pack. The
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number of series N iIn the battery pack of No. 7 1is the
number of series of cells i1llustrated in Fig. 2. The number
M of temperature sensors in the battery pack of No. 8 1is
the number of temperature sensors illustrated in Fig. 2.
The battery pack catalog Ah of No. 9 indicates a value of
cell catalog Ah x number of parallels L of the cells
illustrated In Fig. 2. The battery pack catalog kWh of No.
10 1s obtained by converting the value of the catalog energy
capacity of the cell x number of series N x number of
parallels L to kWh. No. 11 to No. (N + 10) indicate the
voltages of the cells with the number of parallels L
illustrated in Fig. 2. No. (N + 11) to No. (N + M + 10)
indicate the temperatures of the temperature sensors,
respectively. The voltage and temperature are the values
measured at the time of No. 2. No. 3 and No. 6 to No. 10
are not necessarily essential for communication. |If No. 7
to No. 10 are absent, information of No. 7 to No. 10 of each
EV is assumed to be present on the server side.

[0030]

In the storage device 103 illustrated in Fig. 1,
communication data (EV communication data) at regular time
intervals as i1llustrated in Fig. 3 are accumulated.

[0031]
Fig. 4 1s a schematic configuration diagram

illustrating an example of the battery table of Fig. 1.
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[0032]

In Fig. 1, the battery table 104 is a table set iIn
advance or set by the table setting means 105 and referred
to by the in-operation battery pack energy calculating means
106. The first embodiment will be described assuming that
the battery table is set. A detailed setting method will
be described iIn the second and third embodiments.

[0033]

As illustrated i1in Fig. 4, the battery table 104
includes an OCV table 401, a charge resistance table 402,
and a discharge resistance table 403. Here, the charge
resistance and discharge resistance are functions of the
SOC and temperature.

[0034]

The OCV table 401 is a function that has a value
corresponding to each SOC. The discharge resistance table
403, 1n this example, has a value at 25°C for each SOC and
has temperature sensitivity.

[0035]

Here, a discharge resistance R4(Tcenn) at a cell
temperature Tcen[©C] i1s expressed by the following formula
Q).

[0036]

[Formula 1]

(D)
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[0037]

In the formula, R4(25°C) i1s the discharge resistance

Rd(Tcenn) at Tcenm = 25°C. Also, B 1is the temperature
sensitivity.
[0038]

The charge resistance is also expressed in the same
way as the discharge resistance Rg(Tcerr)-
[0039]

Next, a method for diagnosing the deterioration of the
battery pack will be described. Here, the deterioration
diagnosis is a process In the iIn-operation battery pack
energy calculating means 106 of Fig. 1 and is simply to
obtain the energy capacity of the battery pack.

[0040]

First, the server calculates the SOC of each cell,
then calculates the electric charge capacity, the amount of
unbalance of each cell, the current energy capacity of the
battery pack, and the energy capacity in a state where the
unbalance is eliminated (the state where the SOC of all
batteries is 100% when the battery pack is fully charged).
[0041]

Finally, an approximation function with time as an
argument is estimated from the data group of the energy
capacity of the battery pack and time pairs, the

approximation function is extrapolated on the time axis to
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calculate the time when the battery pack reaches the energy
capacity to be replaced, and the replacement time 1is
notified.

[0042]

Hereinafter, the 1in-operation battery pack energy
calculating means 106 illustrated in Fig. 1 will be
described in detail.

[0043]

The operation phase of the in-operation battery pack
energy calculating means 106 is divided into two phases.
[0044]

First, the SOC calculating means 107 obtains the SOC
of each cell and accumulates SOC data in a database (DB) of
the SOC data group 109. Then, the battery pack energy
capacity calculating means 108 obtains the energy capacity
of the battery pack using the SOC data group 109. The in-
operation battery pack energy calculating means 106
calculates based on the battery table 104 and data in the
storage device 103.

[0045]

Each of the SOC calculating means 107 and the battery
pack energy capacity calculating means 108 will be described
below.

[0046]

IT the time interval of communication data iIs dense
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(for example, 1 s or less), the SOC calculating means 107
divides the data for each traveling and each charge. On
the other hand, when the time interval of the communication
data is long, the data during charging is divided by the
charger.

[0047]

Fig. 5 1llustrates a flowchart of the SOC calculating
means 107 of Fig. 1.

[0048]

In Fig. 5, the processing in the SOC calculating means
107 includes a data-during-charge extraction step of S51, a
charge number 1initialization step of S52, a cell number
initialization step of S53, a SOC solution obtaining step
of S54, a cell loop end determination step of S56, a cell
number up step of S57, a charge number end determination
step of S58, and a charge number up step of SH9.

[0049]

As 1illustrated in this drawing, in step S51, data
during charging (current, voltage of each cell, temperature)
with the charger is acquired. These data are assumed as
1(e, k), Vij(t, k), and Temp(t, k), respectively (g = 1,

. ,N). Here, t is the time from the start of charging with
the charger, and k is the number of times the battery has
been charged with the charger. J indicates the cell number.

Since there are M temperature sensors, an average value of
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M sensors may be used for Temp.
[0050]

Next, iIn step S52, the oldest charge number (data
during charging with the charger) k is set to 1. Then, 1in
step S53, the cell number j i1s set to 1.

[0051]

In step S54, represented by the following formula (2),
using the following formulas (3), (4), and (5), parameters
Pi(k), Qij(k), SOCI(J,k), and Qmnax(J,k) that minimize the sum
of squares of the difference between the estimated voltage
Vestj(t) of cell j and the real voltage Vrealj(t) of cell j
are obtained.

[0052]

[Formula 2]

argmin f|Vesti(t) — Vreal, (t)|2 dt
P;(k).Q;(k).SOCI(j.k).Qmax(iK)
O
[0053]
[Formula 3]
Vreal,(t) = OCV (soc, (t)) + R.(Temp, SOC;(£)) X I(t) 3

[0054]
[Formula 4]
R.(Temp, SOC) = {P(k) x Rg(SOC) + Q;(k)} x exp {B/(Temp + 273.15) — B/(25 + 273.15)}
.(4)
[0055]
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[Formula 5]

[1(t)dt

SOC;(t) = SOCI(j, k) + 100 X
l( ) (] ) Qmax(j' k)

..(5)
[0056]

Here, Pj(k) 1s the coefficient of charge resistance of
each cell. Qj(k) 1s the coefficient of charge resistance
of each cell. SOCI(J,k) i1s an initial value of SOC of cell
J that has been charged k times. Qmax(J.,k) is the electric
charge capacity (Ah capacity) of cell jJ. R(SOC) is the
25°C standard resistance function on the charging side. Rc
is the charge resistance of each cell. The argmin in the
above formula (2) means a function for obtaining a parameter
that gives the minimum value. An actual solution for
obtaining argmin may use the quasi-Newton method (Takehiko
Kishine et al., ""Memory-restricted quasi-Newton method with
sizing effect”, 2001 Japan Operations Research Society,
Autumn Conference).

Next, in step S55, the amount of unbalance of cell j
(SOC of each cell when the battery pack is fully charged,
hereafter, referred to as SOCu(J,k)) is calculated.

[0057]

The electric charge (charging) when cell j i1s fully
charged is expressed by the following formula. SOCIj is an
initial SOC of cell j and Qmax; i1s the electric charge

capacity (Ah capacity) of cell j.
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[0058]

(1 - SOCIj = 100) x OQOmaxj

Since the battery pack is fully charged when any one
cell is fully charged, the battery pack is fully charged
when electric charge Qf expressed by the following formula
is charged.

[0059]

Qf = min[(1 - SOCIj + 100) x Qmaxj]

Therefore, the SOC of each cell when the battery pack
is fully charged i1s expressed by the following formula.
[0060]

SOC = SOCIj + 100 x Qf/Qmaxj

The SOC of cell j at this time i1s the amount of
unbalance (denoted as SOCu(j))- When the unbalance state
is eliminated, the amount of unbalance becomes 100% for all
cells. This results in the maximum energy capacity of the
battery pack when the unbalanced amount of all cells 1s 100%.
[0061]

Therefore, the arithmetic expression 1Is represented
by the following formulas (6) and (7). The amount of
unbalance SOCu(j,k) of cell j i1s the SOC of each cell when
the battery pack is fully charged. Qf(k) 1s the electric
charge (Ah) until the battery pack is fully charged, that
is, any cell 1s fully charged.

[0062]
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[Formula 6]

k) SOCI(j, k)

soc,(j, k) = 100 :
Qumax (i, k) ..(6)

[0063]

[Formula 7]

o . SocI(j, k)
Q¢(k) = min {thl.k) X ( | - T)}

(D)
[0064]

Next, iIn step S56, it is determined whether or not the
cell number j has reached the number of series N of cells.
When the cell number becomes N, the processing moves to step
S58. If not, in step S57, the cell number iIs incremented
by one, and step S54 is repeated. In step S58, it 1is
determined whether or not the charge number i1s the latest
charge, and if Yes, the processing proceeds to step S59 and
then to step S53. Otherwise, the processing ends.

[0065]

The processing of Fig. 5 is performed periodically,
for example, every day. Charging data that has already been
processed is excluded from targets. This drawing
illustrates the processing for one vehicle, but 1Tt there
are a plurality of vehicles, the processing i1s performed
for the number of vehicles.

[0066]

After the processing in this drawing, not only the SOC
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time series of each cell, but also the initial value of the
SOC for each charge, the coefficients Pj(k), Qj(k), and
Qrax(J ,k) of resistance are obtained. Pj(k) and Qj(k) are
constants in the formula (4) above. These pieces of
information are stored in the DB of the SOC data group 109.
[0067]

Next, the SOC (denoted as SOCe(j)) at which each cell
J stops discharging when discharged at a constant current
is obtained. Since the discharge of the battery pack ends
when any one of the cells reaches the minimum voltage Va,
SO0Ce(J) 1s obtained by solving the fTollowing nonlinear
equation.

[0068]

Vm = OCV(SOCe(d)) - la x Ra(SOCe(J))

where 14 iIs the discharging current, Rq Is the current
discharge resistance, and is a function of SOC.

That i1s, Rq i1s obtained by multiplying the standard
value of the discharge resistance table stored in the
battery table 104 by the resistance coefficient P; described
above and adding Q;. If the initial value for discharge is
SOCu(jJ), since the relationship is S0Ce(J) = SOCu(j) - 100 x
Q/Qmaxj, the discharging electric charge Qd(j) of cell j is
expressed by the following formula.

[0069]

Qa(J) = {SOCu(J) - SOCe(j)} x Omaxj + 100
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Since the battery pack stops discharging when any one
cell reaches the minimum voltage, the battery pack stops
discharging when Q4 expressed by the following formula is
discharged.

[0070]

Qd = min[{SOCu(J) - SOCe(j)} x QOmaxj + 100]

Therefore, the range of SOC for cell j is from SOCu(j)
to SOCu(j) - 100xQd/Qmaxj. An average value Va; of a voltage
vj(t) of the cell j within this SOC integration range 1is
expressed by the following formula (8).

[0071]

[Formula 8]

Va, = f{ocv(soc}(t)) — 1, X R4 (s0C, (t))}dt
(8
[0072]

As a result, the energy capacity Pmnax of the battery
pack can be calculated using the following formula (9).
[0073]

[Formula 9]

Prhax = Z Va; X Qmax;

.(9)

[0074]

The above calculation result iIs used as the current
battery pack energy capacity. Then, similar calculations

are performed with SOCy(jJ) set to 100 to calculate the
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battery pack energy capacity after unbalance is eliminated.
These values can be calculated and notified to the user.
[0075]

Based on the above principle, a flowchart illustrating
an example of processing in the battery pack energy capacity
calculating means 108 of Fig. 1 is illustrated in Fig. 6.
[0076]

The processing iIn this drawing need not be
synchronized with the processing iIn Fig. 5, and the
calculation may be performed when the user wants to know
the energy capacity of the battery pack and the calculation
may be performed once a day or once a week.

[0077]

The processing i1n this drawing includes a moving
average step of S61, a charge number initialization step of
S62, a cell number initialization step of S63, a current
battery pack energy capacity calculation step of S64, an
energy capacity after balancing is eliminated calculation
step of S65, a cell loop end step of S66, and cell number
up step of S67.

[0078]

First, in step S61, a moving average value of Qunax(J,K)
accumulated in the SOC data group 109 is calculated for k.
At this time, the following formulas (10) and (11) are the

ratio of "variance of SOC x number of data". The reason
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why the ratio of "variance of SOC x number of data" is used
is that data with a small SOC change width or a small number
of data have a large error, so the weight wx of data with a
large error is reduced. Step S61 may be omitted.

[0079]

[Formula 10]

Qmax = Z Qmax(k)“’k
k ..(10)
[0080]

[Formula 11]

Zenao(SOC(k, t) — SOC(k))?
Ek EteN(kJ(SOC(k- t) - SOC(k)):

\.\(k —_

where N(k) 1s the time set included in charge data k

SOC(k) js the moving average value of SOC(k,t) at time set
N(k) .(11)
[0081]

In step S61, also for Pj(k), Qj(k), and SOCu(j), moving
average values are calculated by the same method as the
above formulas (10) and (11).

[0082]

Next, In step S62, the charge number k is set to 1.
In step S63, the magnification of how many times the current
charge resistance of each cell at 25°C, SOC 50% is compared

to the standard charge resistance at 25°C, SOC 50% 1is
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obtained from Pj(k) and Q;(k). This magnification 1is
considered to be the same as the magnification of the
discharge resistance and is used when determining the energy
capacity of the battery pack during discharging.

[0083]

This can be obtained as Pj(k) + Qj(k)/Rs(SOC 50%) using
the standard resistance table Rf(SOC) at 25°C. Although SOC
is set to 50%, it does not necessarily have to be SOC 50%,
and any value of the SOC that matches the discharge
resistance and the charge resistance may be used.

[0084]

Next, In step S64, the current battery pack energy
capacity is calculated. This finds the SOC when the cell j
reaches the minimum voltage V. (hereinafter described as
S0Ce(J)) when each cell is discharged at a temperature Temp
and a constant discharge l4. Note that SOCe can be obtained
from SOCy. Specifically, when discharging each cell, the
SOC of each cell is obtained as SOCu(j,k) - 100Q/7Q(j,Kk).-
Here, Q i1s the discharge Ah capacity of the battery pack.
Since the voltage of each cell is OCV (SOC of cell j) - I x
discharge resistance (temperature, SOC of cell j), it is
sufficient to solve the equation where the voltage becomes
Vm. The discharge resistance in this case i1s obtained by
multiplying the standard resistance table of 25°C by the

magnification of the charge resistance described above.
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[0085]

Then, 1t Is the total sum of the products obtained by
integrating the cell voltages from SO0Ce(j) to SOC.(j) and
multiplying them by Qmnax(j,K).

[0086]

Here, the calculation of this battery pack charging
electric charge will be described.
[0087]

Fig. 7A is a graph illustrating the voltage of each
cell In a state where an unbalance state iIs generated 1In
the battery pack. The horizontal axis represents the amount
of discharge of the entire battery pack, and the vertical
axis represents the voltage of each cell.

[0088]

In this figure, the curve SOCe(jJ) of each cell j (g =
1, ..., N) is illustrated. Normally, curves S0Ce(Jj) do not
coincide with each other at the left and right ends thereof.
This is the unbalance state.

[0089]

As illustrated in this drawing, since each cell is iIn
an unbalance state, when the battery pack is fully charged,
the SOC, of each cell i1s not the same and the values are
different. The SOC of each cell when the battery pack 1is
empty 1s SOCe. Therefore, the 1iIntegrated value of the

voltage of each cell from SOCe to SOCy (portions shaded 1in
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gray in this drawing) becomes the energy capacity of each
cell. The energy capacity of the entire battery pack 1is
calculated as the total sum of the energy capacities of each
cell.

[0090]

In step S65 of Fig. 6, the energy capacity after
unbalance i1s eliminated i1s calculated. This is a similar
calculation of the battery pack energy capacity assuming
that the unbalance state is eliminated (SOCu(j) 100%).
[0091]

Fig. 7B is a graph illustrating the voltage of each
cell after unbalance state of the battery pack is eliminated.
[0092]

As i1llustrated iIn this drawing, 1f the unbalance state
is eliminated, since the integrated value of the voltage of
each cell from SOCe to SOC, increases, the usable energy
capacity of the battery pack as a whole 1s increased.
[0093]

In step S66 of Fig. 6, 1t 1Is determined whether or not
it 1s the latest charge, and if not, the charge number is
incremented by one In step S67, and the processing proceeds
to step S63. When the latest charge number i1s reached, the
processing is ended.

[0094]

The energy capacity of the battery pack and the energy
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capacity of the battery pack after the unbalance state is
eliminated are notified to the user.
[0095]

(Second Embodiment)

In this embodiment, the table setting means 105 of
Fig- 1 will be described. There are three tables of an OCV
table, a charge resistance table, and a discharge resistance
table. First, a setting means of the OCV table will be
described, and then a setting means of the charge resistance
table and a setting means of the discharge resistance table
will be described.

[0096]

The setting means of the table changes for each
pattern of a pattern of whether or not the representative
SOC of the battery pack is present in the communication data,
a pattern of whether or not to perform a battery pack
capacity check test for a new vehicle, and a pattern of
whether or not the positive and negative electrode materials
are known. Here, the battery pack capacity check test is a
test in which the battery pack is fully charged and then
discharged with a minute constant current until the battery
pack Is empty.

[0097]
As for the method of automatic generation of the table,

the OCV table is first created using communication data of
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a Tull charge test of the new vehicle. When the
representative SOC of the battery pack 1s 1in the
communication data, the OCV table is created from the
information on each cell voltage and battery pack SOC before
and after parking in the past. After the OCV table 1is
obtained, if there is no discharge resistance table or
charge resistance table, the communication data of the full
charge test of a new vehicle (time series of current of the
battery pack, voltage of each cell, and temperature) will
be used to create the discharge resistance table. Further,
the stored communication data is searched, and the charge
resistance table is created from data of the representative
SOC of the battery pack, the current during charging with
the charger, and the voltage and temperature of each cell.
[0098]

Here, the representative SOC of the battery pack
refers to the SOC of the selected cell by the BMU from a
plurality of cells included in the battery pack. It is
unknown which cell the BMU has selected.

[0099]

First, a case will be described 1iIn which the
representative SOC of the battery pack i1s present iIn the
communication data and the battery pack capacity check test
for a new vehicle is performed. In this case, 1t 1s assumed

that the new vehicle travels to some extent and the EV data
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has been accumulated although the energy capacity of the
battery pack cannot be calculated yet.
[0100]

In this case, each cell voltage i1mmediately after
parking (after charging with a charger, for example, It may
be after 1000 seconds or after 1500 seconds) is extracted
(except for the EV, data before and after 1t iIs operated
for a while after arrival and the charging and discharging
of the power storage system 1i1s stopped) from the
communication data In the range from the state of the new
vehicle to the state of traveling for a while. Then, the
SOC at that time i1s plotted on the horizontal axis and each
cell voltage is plotted on the vertical axis. In fact, the
plotting i1s not required because the processing is performed
by software, but 1is expressed as plotting for the
explanation. Here, since the value of the representative
SOC of the battery pack itself has an error and it is the
value of the representative SOC of the battery pack, it is
not the SOC value of each cell.

[0101]

In this way, the data are scattered In the graph iIn
which all the cell voltage data and the representative SOC
of the battery pack are plotted. In other words, the
correlation coefficient becomes lower. From this scattered

data, OCV(SOC), which 1i1s a Tfunction from which OCV 1is
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obtained with respect to SOC, is identified. This operation
is called "function approximation'. Types of function
approximation include a method using a spline function, a
method using a piecewise linear function passing through
each point, and a method using a neural network. In addition,
there i1s a method for determining an unknown parameter a so
that a squared error and absolute value error between the
data and the value obtained by the function is minimized
using a function with prescribed arguments and unknown
parameters, as in F(x;a) (for example, F = ax2 - 10), and
identifying the function.

[0102]

A case of using the spline function and the method for
identifying a function by the function with arguments and
unknown parameters prescribed by F(x;a) will be described
below, respectively.

[0103]

First, the method for performing function
approximation with a spline will be described.
[0104]

A relationship table between the SOC and OCV may be
created by averaging SOC only with data at the same voltage
or averaging voltages only with data at the same SOC. 1In
this case, the OCV and SOC may be subjected to functional

approximation by the spline.
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[0105]

Next, the method for identifying a function with the
function with arguments and unknown parameters prescribed
by F(x;a) will be described. Separately, iIf the materials
for the positive and negative electrodes are known, since
the potential for each discharge amount of the positive and
negative electrodes can be known, function approximation
may be performed using a potential difference between the
positive and negative electrodes as the OCV.

[0106]

Based on the above principles, a TfTlowchart
illustrating an example of a method for setting the OCV
table of the battery table in the battery pack diagnosing
system i1s i1llustrated in Fig. 8. 1In Fig. 8, the function
approximation by the spline and the method for identifying
a TFTunction by the function with arguments and unknown
parameters prescribed by F(x;a) are il lustrated,
respectively.

[0107]

In this drawing, the method for setting the OCV table
in the battery table includes a data-immediately-after-
parking extraction step of S81, a data plotting step of S82,
and an averaging step of S83.

[0108]

As illustrated in this drawing, In step S81, data of
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each cell voltage and representative SOC of the battery pack
immediately after parking i1s extracted from a log of EV
communication data. Here, since there is a possibility that
an unbalance state of the cell occurs, voltage data
determined to be an outlier by the Smirnov-Grubbs® test
(Hiroshi Takeuchi et al., "Statistics Dictionary'™, Toyo
Keizal Inc.) or Dixon"s test method (G.K. Kanji '"Reverse
Statistics'™, Kodansha August 20, 2015, 3rd edition) 1is
removed.

[0109]

Next, In step S82, each cell voltage immediately after
parking (for example, 1500 seconds after finishing charging
with the charger) and the representative SOC of the battery
pack at that time are plotted. Actually, this step 1s not
executed because this step is automatically processed by
the program, but this step is provided for description.
[0110]

Next, in step S83, a voltage data range is divided,
and data within respective ranges are averaged. In the
drawing, black circles in the graph of step S83 are the
average data. Here, both the SOC and voltage are averaged.
Then, the black circles are set as data of the O0CV(SOC).
Here, i1f the voltage at SOC 0% and the voltage at SOC 100%
are provided, those data are added to the SOC.

[0111]
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The function OCV(SOC) is prescribed by interpolating
the black circle by a spline or piecewise linear.
[0112]

The method in this drawing is processing when the
function OCV i1s unknown.
[0113]

Next, if the materials of the positive and negative
electrodes are known separately and the potential table for
the respective single material of the positive and negative
electrodes i1s known, the function OCV can be prescribed,
and thus, step S83 is function approximation. 1In this case,
when using the potential table, the function OCV i1s obtained
by function approximation with the magnification of the
discharge resistance for each SOC i1n the potential table
and the amount of discharge deviation between the positive
and negative electrodes as unknown parameters.

[0114]

An overview of this processing will be described with
reference to Fig. 9.

[0115]

Fig. 9 1s a diagram 1illustrating an example of
function approximation of the OCV of the battery table using
discharge curve analysis.

[0116]

In the upper part of this drawing, a function Fpy(Xx)
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of the positive electrode potential and a function Fn(x) of
the negative electrode potential are each i1llustrated as
separate graphs. The horizontal axis x is the amount of
discharge [Ah/g], and the vertical axis is the potential
[V]- Fp(X) and Fn(X) are given as table data.

[0117]

Here, when considering the deviation of discharge, the
positive electrode capacity, the negative electrode
capacity, and the Li loss can be obtained by a predetermined
calculation. Further, x and SOC have a linear relationship.
[0118]

Therefore, the function OCV 1is represented by the
following formula. ap, sp, an, and sn are constants.
[0119]

OCV = Fy(ap X x —sp) — Fy(an X x — sn)

Here, since the relationship between the SOC and
discharge amount x is a linear relationship, if x = p x SOC
+ g (p and q are constants), the OCV can be expressed by
the following formula.

[0120]

OCV(SOC) = Fy(ap X (p X SOC + q) —sp) — F,(an X (p X SOC + q) — sn)

This function OCV can be rewritten as the following
formula (12) by setting By = ap x g - sp, Ap = —-ap X p, Bn =
an x g - sn, and Ap = -an x p.

[0121]
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[Formula 12]
0CV(S0C) = F,(B, — A, X SOC) — F,(B,, — A,, X SOC) .(12)
[0122]

Further, by substituting 0 or 100 for SOC in the above
formula (12), the following formulas (13) and (14) are
obtained.

[0123]

[Formula 13]

ocv(0) = Fy(B,) — Fu(B,) (13)

[0124]

[Formula 14]

0CV(100) = F,(B, — 100A,) — F,, (B, — 100A,) (14)

[0125]

In the formula, OCV(0) is the value given by OCV at
SOC 0%. OCV(100) i1s a value given by OCV at SOC 100%.
[0126]

In the Ilower part of this drawing, the positive
electrode potential F,, the negative electrode potential Fn
and (Fp - Fn) (= OCV) are represented in one graph. In the
above formulas (12), (13), and (14), OCV(0) and OCV(100)
are constrained by potentials at SOC 0% and SOC 100%,
respectively. In other words, i1t is constrained by the

leftmost and rightmost values of the curve (Fp - Fn).
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[0127]

Since the values of 0CV(0) and OCV(100) are given, OCV
becomes a function with two indefinite parameters, with
substantially two out of four indefinite parameters of Bp,
Bn, Ap, and A, disappearing. A function approximation of
the OCV (SOC, unknown parameters) is performed to identify
the i1ndefiniteness of the remaining two parameters.

[0128]

Specifically, actual data of OCV(SOC) 1is set to
OCVrea1(SOC), and an unknown parameter that minimizes a
function E defined by the following formula (15), for
example, Is searched.

[0129]

[Formula 15]

E= Z |OCV,.1(SOC) — OCV(SOC, unknown parameter)|?
..(15)
[0130]

Although the above formula (15) shows a squared error
for the same SOC, it may be minimized using the distance
between the curve given by the above formula (12) and paired
actual data of OCV and SOC as a measure.

[0131]

Here, since OCV(0) = Fp(Bp) - Fn(Bn), the unknown

parameter By, Is represented by Bn in the following formula.

[0132]
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Bp = Fp"1(OCV(0) + Fn(Bn))

Similarly, Ay 1s represented by By, Bn, and A, from the
formula of OCV(100) (Formula (14) above).

[0133]

Since Bp 1s represented by Bn, Ap will be represented
by Bn and An. That is, Bn and An are two unknown parameters.
Further, Ap and Bp may be unknown parameters. Fp-1 Is an
inverse function of Fp. Since Fp iIs a function represented
by data and 1is represented by, for example, a spline
function, the 1i1nverse function can be easily calculated
using the spline function. In the following description,
-1 represents an inverse fTunction of f also for other
functions fT.

[0134]

From the above formula (12) determined in this way, a
value of each OCV calculated by varying the SOC value from
O to 100 is set in the OCV(SOC) i1n the battery table.
[0135]

In addition, although the case where the voltage when
it is at SOC 0% and SOC 100% is fixed is shown here, there
may be cases where only the voltage at SOC 100% i1s fixed.
In this case, the unknown parameters may be three of An, Bn,
and Ap, or three of A,, Bn, and Bp.

[0136]

Furthermore, when information on the electric charge
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capacity (this is Q[Ah]) charged by the charger is present
in the data, the following constraint is added.
[0137]

OCV-1 (each cell voltage after charging) - OCV-1 (each
cell voltage before charging) = 100 x Q + (Qmax OF each cell)

In this case, iInstead of the above formula (15), in
order to approach this constraint as much as possible, the
unknown parameters An, Bn, and Qmax OFf each cell may be
obtained so that the following formula, which Is the square
of the difference between the left side and the right side
of the formula of above constraint, is minimized, and the
obtained An and Bn may be used.

[0138]

{0OCV-1 (each cell voltage after charging) - OCV-1 (each
cell voltage before charging) - 100 x Q + (Omax OF each
cell)}?

Next, a method for creating two types of tables
including the charge resistance table and the discharge
resistance table after the OCV table 1i1s set will be
described.

[0139]

First, the method for setting the charge resistance
table (the argument of the function 1is SOC) will be
described. Here, i1t iIs necessary to obtain the SOC of each

cell first, and it is assumed that the representative SOC
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of the battery pack has been obtained.
[0140]

Next, data on current, voltage, and temperature during
charging are acquired by the charger, and based on these
data, SOC i1s plotted on the horizontal axis and cell charge
resistance is plotted on the vertical axis. Here, the cell
charge resistance i1s expressed by the following formula.
[0141]

cell charge resistance = (cell voltage - OCV(S0C)) =+
charging current

In addition, since an unbalance state may occur in
each cell voltage, outlier voltage data is removed by the
Smirnov-Grubbs® test or Dixon®s test as described above.
Since the parameter of the resistance includes temperature,
a three-dimensional graph may be plotted. In this case,
SOC is plotted on the x-axis, the temperature is plotted on
the y-axis, and cell charge resistance is plotted on the z-
axis.

[0142]

Next, in function approximation, the following formula
(16) i1s assumed.

[0143]

[Formula 16]

R.(SOC, Teeyy) = exp {B/(Teen + 273.15) — B/(25 + 273.15)} X R.(SOC, 25°C)

.(16)
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[0144]

The above formula (16) is the Arrhenius equation, and
B is called the temperature sensitivity here. Tcenn iIs the
temperature of the cell. Rc indicates charge resistance.
Based on this assumption, i1f B is known, the actual charge
resistance data and the cell temperature Tcenr can be
converted 1Into the data of charge resistance at a
temperature of 25°C. After conversion into the data at 25°C
in this way, the charge resistance table may be set in the
same manner as iIn the case of i1dentifying OCV.

[0145]

Here, since it Is necessary to set B, only data of the
same SOC are collected. Specifically, for example, data of
SOC 32.5% or more and less than SOC 37.5% are regarded as
data of SOC 35%, and the data are aggregated from SOC 5% to
SOC 95%. Using the data regarded as the same SOC, data with
temperature on the horizontal axis and charge resistance on
the vertical axis is obtained, and B is identified by the
least squares method, assuming a temperature function of
the above formula (16). An average value of each B from
SOC 5% to SOC 95% may be used.

[0146]

Next, a method for setting the charge resistance when

there i1s no representative SOC of the battery pack will be

described. In this case, the battery pack capacity check
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test of a new vehicle shall be carried out.
[0147]

In the case of the capacity check test, after charging
from SOC 0% to SOC 100%, the SOC of each cell before and
after charging i1s obtained from the OCV table. Since the
amount of charged electric charge (this amount of charged
electric charge i1s assumed to be Q) can be obtained from
the current during charging, the electric charge capacity
of each cell can be calculated by dividing Q by the
difference in SOC before and after charging.

[0148]

By using the electric charge capacity Qmaxi (1 iIs the
cell number) of each cell obtained in this way, the SOC of
each cell during charging by a charger can be subsequently
calculated by the formula (1).

[0149]

IT the SOC 1s known, this SOC can be used instead of
the SOC of the battery pack, In the same way as the method
described above. Here, 1t 1Is assumed that although the
value of Qmaxi decreases due to the deterioration of the
battery, the value of Qmax does not change for several months.
[0150]

Next, a case will be described where the materials for
the positive and negative electrodes are known, a table of

charge resistance and discharge resistance of the positive
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electrode, a table of charge resistance and discharge
resistance of the negative electrode, and temperature
sensitivities B of the positive and negative electrodes are
also known.

[0151]

In this case, using An, Bn, Ap, and Bp, which have been
obtained by the discharge curve analysis described above,
Rp(X) for the cell standard positive electrode resistance,
and Rn(x) for the cell standard negative electrode
resistance (R, and R, are functions given in advance by
material property data), the cell standard 25°C resistance
Rs (SOC, 25°C) 1i1s calculated by the following formula (17).
This iIs a standard resistance of 25°C.

[0152]

[Formula 17]
R,(SOC, 25°C) = R, (B, — A, X SOC) + R, (B, — A, X SOC) .aD
[0153]

Conversely, if OCV is given fTirst, An, Bn, Ap, and Bp
are obtained from the OCV table and Fp(x) and Fn(X).
[0154]

However, since the cell standard 25°C resistance Rs
(S0C, 25°C) 1n the above formula (17) does not consider the
bias of the resistance, the resistance is indefinite as an

absolute value, and there are the expression of

deterioration, variations for each cell, and temperature



44

sensitivity, the resistance Rcenn(Tcenn) Tor each cell 1is
actually expressed by the following formula (18) using cell
constants A and C. This is not limited to the discharge
curve analysis, and the same applies also to the case where
the resistance i1s i1dentified from the communication data.
[0155]

[Formula 18]

Reenl (Teet) = {A X R (25°C) + C} X exp{B/(Teen + 273.15) — B/(25 + 273.15)}

..(18)

[0156]

The cell constants A and C in the above formula (18)
are used here as undetermined. The identification method
is identified by optimization in the SOC calculation process
as described above.

[0157]

(Third Embodiment)

In the third embodiment, when the OCV table is set iIn
the second embodiment, the OCV table setting processing and
the discharge resistance table setting processing In a case
where there is no representative SOC of the battery pack in
the communication data and a case where the battery pack
capacity check test of a new vehicle is performed will be
described.

[0158]

Since this test is for checking the energy capacity
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of the battery pack, the battery pack may be charged again
after that, connected to a charging and discharging device,
and subjected to a discharging test.

[0159]

First, the battery pack electric charge capacity check
test is performed. A light or an air conditioner is attached
to the EV and i1t i1s discharged until the battery pack 1is
empty.

[0160]

A pause time (for example, 20 minutes or more) is set,
and the battery pack is connected to the charger and fully
charged. At this time, the voltage of each cell and the
pack current of the battery pack are obtained by
communication. After the end of charging, the electric
charge capacity Qpack,max OF the battery pack is obtained by
time-integrating the current of the battery pack. From that
Qpack,max, the battery pack i1s discharged for a certain period
of time using the light or the air conditioner, and then
pause 1s repeated to set the SOC of the battery pack to O.
[0161]

Here, the reason for setting the pause time 1iIs as
follows. When the battery 1is charged and discharged,
voltage fluctuations occur due to polarization, which
deviates from the OCV. A long time (approximately 1000

seconds depending on the battery) elapses since the battery
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is stopped charging and discharging, and the polarization
reaches 0 V. Therefore, by inserting a pause of about 1000
seconds (about 20 minutes or more), the voltage is made to
match the OCV.
[0162]

After the end of this test, the battery pack current
is iIntegrated using the log of the communication data, a
battery pack current integration (the initial value iIs set
to 0 when fully charged) at the end of the pause i1s plotted
on the horizontal axis and each cell voltage immediately
before the end of pause is plotted on the vertical axis.
It can be converted to SOC by setting the horizontal axis
to SOC = 100 - 100 x current integration + current
integration fTinal value. An OCV table 1is created by
performing function approximation on the data of the graph
after this conversion. IT the positive and negative
electrode materials are known separately, similarly, the
potential difference between positive and negative
electrodes may be subjected to function approximation as a
function of OCV.
[0163]

In summary, the function data of OCV can be obtained
by function approximation using the voltage and SOC of each
cell before and after the paused state having no charge nor

discharge of the battery pack.
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[0164]

In this case, the battery pack capacity check test for
a new vehicle described above shall be performed. At this
time, the electric charge capacity of the cell is known when
the battery pack is charged from SOC 0% to 100%. A cell in
which an unbalance state occurs has a low voltage when fully
charged, and thus, the cell i1s excluded from the aggregation.
Therefore, the SOC of each cell is 100 x integration of
charging current + full charge capacity of the cell.

[0165]

The voltage during the time when discharge by the air
conditioner and the light i1s performed for a fixed time may
be used as OCV as it is.

[0166]

As an effect of this, OCV can be set even if the
information of SOC is not present in the communication data.
[0167]

Next, a method for creating the charge resistance
table and the discharge resistance table after i1dentifying
the OCV table will be described.

[0168]

First, the method for setting the charge resistance
table (function argument is SOC) will be described. Here,
it Is desirable to obtain the SOC of each cell first, but

if the representative SOC of the battery pack is obtained,
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this value may be used instead. |If the representative SOC
of the battery pack cannot be obtained, the battery pack
capacity check test for the new vehicle described above
shall be performed. In this case, since the electric charge
capacity of the cell 1s known (a cell In which an unbalance
state occurs is excluded from the aggregation because the
voltage becomes low when fully charged) when the battery
pack is charged from SOC 0% to 100%, the SOC of each cell
is prescribed as 100 x integration of charging current =+
full charge capacity of the cell.

[0169]

Next, based on the data during the charging, SOC is
plotted on the horizontal axis and the charge resistance is
plotted on the vertical axis. Here, the charge resistance
is obtained by calculating (cell voltage - O0OCV(SOC)) =
charging current. This charge resistance 1iIs resistance
under the condition of charging with a constant current,
which is different from the resistance in a transient state.
[0170]

Next, similarly to the method described above, a
charge resistance table with SOC as an argument iIs created
by function approximation. |If there 1s a charge resistance
table (Ffunction of electric charge capacity) for the
respective single material of the positive and negative

electrodes, function approximation of the charge resistance
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is performed in the same manner as described above. Here,
although the difference from the function approximation of
OCV is that the liquid resistance is unknown since this 1is
a fixed constant not depending on SOC, it may be used as a
bias B for function approximation.

[0171]

After performing a function approximation of OCV with
positive and negative potentials, the resistance table may
be obtained by combining a function obtained by multiplying
a positive electrode resistance table by a horizontal
magnification and a Tfunction obtained by multiplying a
negative electrode resistance table by a horizontal
magnification and shifting a positive/negative shift amount.
[0172]

Next, a method for setting a discharge resistance
table with SOC as an argument will be described.

[0173]

This discharge resistance table 1s required when
calculating the energy capacity of the battery pack, which
will be described later. High SOC data (for example, SOC
20% or more) is not required. Further, a resistance when
discharged to a constant current or almost constant current
is preferable.

[0174]

Assuming that the battery pack capacity check test for



50

a new vehicle described above was performed, first, the
discharge resistance table i1s obtained in the same manner
as the charge resistance, using the data when discharging
to SOC 0% with the air conditioner and lights turned on and
using the current and each cell voltage during that time.
There i1s also an estimation method from accumulated data
while the EV is traveling during operation, but In this case,
it is limited to a case where the time interval of
communication data of the battery is approximately 1 second
or less.

[0175]

(Fourth Embodiment)

In the first embodiment, the future energy capacity
(hereinafter referred to as ''capacity after unbalance is
eliminated”) 1is estimated after the unbalance state 1is
eliminated, and the replacement time of the current battery
pack is predicted. For this purpose, 1t is obtained by
storing the past capacity time series after unbalance 1is
eliminated, predicting the future based on that time series,
and calculating the date and time when the capacity after
unbalance i1s eliminated reaches the replacement criterion
(for example, 80% or 70% of catalog energy capacity). This
date and time is the replacement time of the battery pack.
[0176]

Fig. 10 is a flowchart illustrating an example of a
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method for calculating the replacement time of the battery
pack.
[0177]

First, In step S101, the deterioration is subjected
to function approximation based on the capacity time series
after unbalance is eliminated iIn the past. Here, the
function obtained by approximation is referred to as a
"function indicating deterioration of the battery pack™.
[0178]

As the method for predicting the future, It may be
linearly approximated, or it may be approximated by the
auto-regressive moving average (ARMA) or the Weibull
distribution.

[0179]

When the slope with respect to time (referred to as
the "slope of deterioration™) is linearly approximated, the
slope with respect to time is affected by the rapid charging
frequency, average temperature of the battery, average SOC,
parking time frequency, mileage, daily average charge Ah,
and the like. For this reason, for the battery pack of the
same model number, various vehicles are aggregated, and the
slope of deterioration with respect to time is subjected to
function approximation by the rapid charging frequency, the
average temperature of a battery, the average SOC, the

parking time frequency, the mileage, and the daily average



52

charging Ah. This method of function approximation may be
linear or may use a neural network.
[0180]

Based on the function of the slope of deterioration
created In this way, a life prediction function for another
vehicle may be created with the battery of the same model
number. Specifically, since the rapid charging frequency
and the like in other vehicles are determined, the slope is
determined based on that parameter.

[0181]

Then, the replacement time 1is determined by the
current energy capacity of the pack, the slope of
deterioration, and the energy capacity of the replacement
criterion. In other words, the replacement time 1is
determined by solving the equation of life prediction
function = (energy capacity of replacement criterion) (step
S102).

[0182]

This replacement time is notified to the driver (step
S103).

[0183]

Further, a factor that contributes to the slope (for
example, rapid charging frequency) may be extracted iIn the
function of the slope of deterioration, and the factor may

be notified to the user. Based on the notified factor, the
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user takes actions such as lowering the rapid charging
frequency to extend the life of the battery, so to speak,
providing guidance for the battery life extension. Further,
when the slope of deterioration suddenly increases, the
driver 1is notified. In other words, when the slope of
deterioration (speed of progress) reaches a predetermined
value or more, the driver i1s notified. By this notification,
the user is informed of a sign that the battery will suddenly
become unusable.

[0184]

Here, when ARMA is used, the coefficient of each ARMA
has only to be similarly subjected to function approximation
by the rapid charging frequency and the like. When the
deterioration of the capacity after unbalance is eliminated
is approximated by the Weibull distribution, the energy
capacity Ppax oOf the battery pack is approximated by the
following formula (19) or (20).

[0185]

[Formula 19]

Pmax = Pmaxini X €xp {— (t/7)"} .(19)
[0186]

In the formula, m Is a positive constant, and when m
< 1, it decreases sharply at first and then decreases slowly.
When m > 1, 1t decreases gently at fTirst, then sharply

approaches 0, and becomes unusable. 1t is the time constant.
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Pmax,ini IS the initial value of the energy capacity of the
battery pack.
[0187]

[Formula 20]

Prax = Pmaxini X exp {— (t/7,)" } X exp {—(t/71;)*} .(20)
[0188]

In the formula, m and n are positive constants, m <
1, and n > 1. 11 and 12 are time constants.

[0189]

The above formula (19) indicates a function that
decreases sharply at the beginning, as seen in an ordinary
lithium-1on battery, or a function that indicates the type
of deterioration that suddenly becomes unusable due to
mechanical deterioration due to expansion and contraction
of the negative electrode, such as a lithium-ion battery
that uses silicon for the negative electrode.

[0190]

The above formula (20) is a combination of functions
representing the two characteristics.
[0191]

When the above formula (19) is used, m and t are
identified by the capacity time series after unbalance is
eliminated in the past. Function approximation of m and <
is further performed using the rapid charging frequency and

the like.
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[0192]

When the above formula (20) is used, m, n, 11, and 12
are identified by the capacity time series after unbalance
is eliminated in the past. Furthermore, m, n, 11, and 1
have only to be subjected to function approximation by the
rapid charging frequency and the like.

[0193]

When the above formula (20) i1s used, the timing of

suddenly becoming wunusable <can be known from 1.

Specifically, the timing when the time t reaches 11 is the

timing when it suddenly becomes unusable.
[0194]

(Fifth Embodiment)

In the first embodiment, when the energy capacity of
the battery pack (hereinafter referred to as 'capacity
before unbalance is eliminated™) and the energy capacity of
the battery pack after unbalance is eliminated (hereinafter
referred to as 'capacity after unbalance is eliminated™)
are estimated, a method for notifying the user will be
described.

[0195]

Fig. 11 is a table 1llustrating an example of a battery
capacity table.
[0196]

In this drawing, the vehicle ID of No. 1 indicates an
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identification number ID of the EV. The battery ID of No.
2 indicates an identification number 1D of the battery built
into the EV of the vehicle ID. The battery type of No. 3
indicates the type of the battery of No. 2. The initial
capacity of No. 4 indicates the energy capacity or rated
capacity of an initial battery pack. The initial cruising
travel distance of No. 5 indicates a distance where cruising
travel can be performed when the initial battery built into
the EV 1i1s fTully charged. The use start date of No. 6
indicates the date when the vehicle was shipped and sold
and started to be used.

[0197]

"Notification 1: capacity before unbalance 1is
eliminated” of No. 7 indicates a threshold condition of the
capacity before unbalance is eliminated when notifying the
user. "Notification 2: capacity after unbalance is
eliminated” of No. 8 indicates the threshold condition of
the capacity after unbalance is eliminated when notifying
the user. "Notification 3: unbalanced capacity'” of No. 9
indicates the threshold condition of the unbalanced capacity
when notifying the user. Here, the unbalanced capacity is
a value of the difference between the capacity after
unbalance is eliminated and the capacity before unbalance
is eliminated. "Notification 4: difference iIn assessed

price” of No. 10 is a conditional value for the difference
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between the assessed price for EV and the assessed price
for stationary use.
[0198]

Here, the assessed price for EV refers to an assessed
price when the battery pack i1s used for an EV. Further,
the assessed price for stationary use refers to an assessed
price when the battery pack is used for something other than
an EV and is an assessed price of the battery pack when the
battery pack i1s applied to a power storage device and the
like for accumulating distributed energy.

[0199]

Each item in this drawing is set in advance by input
from the user.
[0200]

No. 7 to No. 10 represent conditions for notifying the
user and may be changed by input.
[0201]

The conditions for making the notifications such as
No. 7 to No. 10 in this drawing are set with the values such
as the capacity before unbalance is eliminated, the capacity
after unbalance 1s eliminated, the rate of change 1In
capacity before unbalance is eliminated, the rate of change
in capacity after unbalance is eliminated, the mileage of
EV, the number of rapid charging times of the battery pack,

the number of times the temperature threshold of the battery
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has been exceeded, the assessed price for EV, and the
assessed price for stationary use, as the conditions. Here,
the number of times the temperature threshold of the battery
has been exceeded is the number of times the temperature of
either the battery pack or the cells constituting the
battery pack has exceeded the threshold.

[0202]

In addition to these, a plurality of conditions can
be added as AND conditions or OR conditions. For example,
the conditions are when the condition that the capacity
before unbalance is eliminated is 78.0 or less and the
capacity after unbalance is eliminated 1s 80.0 or less 1is
satisfied, when a condition that the mileage is 300,000 km
or more and the capacity after unbalance is eliminated 1is
80.0 or less is satisfied, when a condition that the number
of rapid charging times is 3000 or more and the capacity
after unbalance i1s eliminated 1s 80.0 or less is satisfied,
when a condition that the number of times the temperature
threshold has been exceeded is 1000 or more, or the capacity
after unbalance is eliminated is 80.0 or less is satisfied,
and the like. Further, the condition for the capacity
before unbalance i1s eliminated of No. 7 or the capacity
after unbalance is eliminated of No. 8 can be set as a
condition of a ratio/percentage to the initial capacity of

No. 4, or can also be set as a condition of a
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ratio/percentage of a current possible cruising travel
distance to the initial cruising travel distance of No. 5.
This 1s because the current possible cruising travel
distance can be calculated from the current capacity before
unbalance i1s eliminated.

[0203]

Also, from the current capacity before unbalance is
eliminated and the rate of change in capacity before
unbalance i1s eliminated, the capacity after unbalance 1is
eliminated in the future, for example, half a year later
can be calculated and notified. Further, by calculating
the future capacity after unbalance i1s eliminated, 1t 1is
possible to predict the time when the value will fall below
a preset threshold, such as 80.0, and notify the time.
[0204]

Fig. 12 is a table 1llustrating an example of a battery
diagnosis result table.

[0205]

The vehicle ID of No. 1 indicates an i1dentification
number ID of the EV. The battery ID of No. 2 indicates an
identification number ID of the battery built Into the EV
of the vehicle ID. The first calculation time of No. 3
indicates the date and time when the battery diagnosis
calculation of this vehicle was performed for the first time.

The last calculation time of No. 4 indicates the date and



60

time when the battery diagnosis calculation of this vehicle
was last performed.
[0206]

No. 5 to No. 12 are set at the last calculation.
[0207]

The capacity before unbalance is eliminated of No. 5
and the capacity after unbalance i1s eliminated of No. 6 are
calculation results regarding the energy capacity of the
battery pack.

[0208]

No. 7 to No. 9 are vehicle or battery history data
obtained by the server via communication from the EV when
calculating the energy capacity of the battery pack, and No.
7 i1s mileage, No. 8 is the number of rapid charging times,
and No. 9 is the number of times the temperature threshold
has been exceeded. Here, the number of times the
temperature threshold has been exceeded refers to the number
of times the temperature value of the temperature sensor
attached to the on-vehicle battery was equal to or larger
than a predetermined threshold temperature (for example,
65°C) .

[0209]

The assessed price for EV of No. 10 indicates a value

obtained by estimating and calculating the selling price of

the removed battery, which is currently built in the vehicle,
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as a battery for EV, No. 11 indicates a value obtained by
estimating and calculating the selling price of the removed
battery, which 1is currently built in the vehicle, as a
battery for stationary use, and the status of No. 12
indicates an 1item whose calculation result should be
notified.

[0210]

When the capacity of the battery installed iIn a
certain vehicle before and after unbalance i1s eliminated is
calculated, a result notifying means (not illustrated) of
the server 100 of Fig. 1 searches the battery diagnhosis
result table of Fig. 12 with the vehicle ID of No. 1 of the
vehicle, updates the calculation end time of No. 4 with the
current time, and also updates the capacity before unbalance
is eliminated of No. 5 and the capacity after unbalance is
eliminated of No. 6. Furthermore, the mileage of No. 7,
the number of rapid charging times of No. 8, and the number
of times the temperature threshold has been exceeded of No.
9, which are obtained by the server through communication
from the EV are also updated. Furthermore, the calculation
is performed with the capacity after unbalance i1s eliminated
of No. 6, the mileage of No. 7, the number of rapid charging
times of No. 8, and the number of times the temperature
threshold has been exceeded of No. 9, the assessed price

for EV of No. 10 and the assessed price for stationary use
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of No. 11 are also updated.
[0211]

This calculation 1is calculated as a correlation
function between data sold as the battery for EV in the past
and price data sold as a battery for stationary use, and a
history of the sold battery, that is, the capacity after
unbalance i1s eliminated of No. 6, the mileage of No. 7, the
number of rapid charging times of No. 8, and the number of
times the temperature threshold has been exceeded of No. 9.
[0212]

After the above update, the result notifying means
searches the battery capacity table of Fig. 11 with the
vehicle ID of No. 1 of the vehicle and examines the
notification conditions of No. 7 to No. 9. If the updated
value of the battery diagnosis result table iIn Fig. 12
matches the notification conditions, the user is notified.
For the notification, a notification means of a normal
computer or between computers, such as screen display, mail
notification, and message notification iIs used. The fact
that the notification to the user has been made is displayed
in the status of No. 12.

[0213]

For example, in Fig. 12, it is assumed that the

capacity before unbalance 1is eliminated of No. 5 1s

calculated as 77.8 kWh, the capacity after unbalance 1is
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eliminated of No. 6 is calculated as 80.8 kWh, the assessed
price for EV of No. 10 is calculated as 808,000 yen, and
the assessed price for stationary use of No. 11 1is
calculated as 716,400 yen. As for these results,
Notification 1 1is notified because the condition for
Notification 1 of No. 7 in Fig. 11 is 78.0 kWh or less.
Further, since the condition of Notification 4 of No. 10 in
Fig. 11 is 808,000 - 716,400 = 91,600 yen, which is less
than 100,000 yen, Notification 4 i1s notified and is also
displayed 1n the status of No. 12 in Fig. 12.

[0214]

Hereinafter, the effects obtained from the present
disclosure are described in summary.
[0215]

A balancing circuit is iIncorporated in the battery
management unit (BMU), and thus even if an unbalance state
occurs, i1t will eventually be recovered by the balancing
circuit. Therefore, 1T the energy capacity (true actual
value) iIn the state where the unbalance is eliminated is
calculated, 1t 1is possible to accurately estimate the
replacement time of the battery pack.

[0216]

A means for calculating not only the current energy

capacity of the battery pack of the EV but also the energy

capacity in a state where the unbalance state is eliminated
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can be provided.
[0217]

A means for notifying when the battery pack should be
replaced can be provided in consideration of the trend of
the energy capacity.

[0218]

The operation of measuring the state of the battery
for creating the table can be made unnecessary. Further,
by calculating the SOC variation and the electric charge
capacity when fully charged for each cell, i1t is possible
to obtain the energy capacity of the battery pack under a
situation where the cell voltage is not uniform (a situation
where balancing does not work well) or even under a
situation where the electric charge capacity of the cell 1is

not uniform.

Reference Signs List

[0219]
100: server
101: electric vehicle
102: communication device
103: storage device
104: battery table
105: table setting means

106: 1n-operation battery pack energy calculating
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means
107: SOC calculating means
108: battery pack energy capacity calculating means
109: SOC data group
201: cell
202: temperature sensor
203: cell group
204: ammeter
205: battery management unit
206: network
401: OCV table
402: charge resistance table
403: discharge resistance table
S51: data-during-charge extraction step
S52: charge number initialization step
S53: cell number initialization step
S54: SOC solution obtaining step
S56: cell loop end determination step
S57: cell number up step
S58: charge number end determination step
S59: charge number up step
S61: moving average step
S62: charge number initialization step
S63: cell number initialization step

S64: current battery pack energy capacity calculation
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step
S65: energy capacity after balancing i1s eliminated
calculation step
S66: cell loop end step
S67: cell number up step
S81: data-immediately-after-parking extraction step
S82: data plotting step

S83: averaging step
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CLAIMS

[Claim 1]

A method for diagnosing a battery pack having a
configuration in which a plurality of cells are connected
in series, using a system for obtaining detected data
including the current and temperature of the battery pack
and the voltage of each cell, the method comprising:

a step of calculating an electric charge capacity and
a SOC of each cell, using the current and the temperature,
the voltage of each cell, an O0CV-SOC function, and a
resistance table, and calculating an amount of unbalance,
which is an estimated value of the SOC, and a resistance of
each cell when the battery pack is fully charged; and

a step of calculating the energy capacity of the
battery pack using the electric charge capacity, the amount

of unbalance, and the resistance.

[Claim 2]

A method for diagnosing a battery pack having a
configuration in which a plurality of cells are connected
in series, using a system for obtaining detected data
including the current and temperature of the battery pack
and the voltage of each cell, the method comprising:

a step of calculating an electric charge capacity and
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a SOC of each cell, using the current and the temperature,
the voltage of each cell, an O0CV-SOC function, and a
resistance, and calculating an amount of unbalance, which
is an estimated value of the SOC, and a resistance of each

cell when the battery pack is fully charged.

[Claim 3]
The diagnosis method according to claim 1, wherein
the detected data i1s acquired at time intervals of

less than 5 seconds.

[Claim 4]
The diagnosis method according to claim 2, wherein
the detected data i1s acquired at time intervals of

less than 5 seconds.

[Claim 5]
The diagnosis method according to claim 1, wherein
the detected data is acquired at time intervals of 5

seconds or greater.

[Claim 6]
The diagnosis method according to claim 2, wherein
the detected data is acquired at time intervals of 5

seconds or greater.
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[Claim 7]
The diagnosis method according to claim 1, wherein
the energy capacity of the battery pack is calculated
by calculating both the current energy capacity and the

energy capacity after unbalance is eliminated.

[Claim 8]
The diagnosis method according to claim 1, wherein
coefficients of the electric charge capacity, an
initial value of the SOC, and the resistance of each of the
cells that minimize a sum of squares of a difference between
an estimated voltage and an actual voltage of each of the

cells are obtained.

[Claim 9]
The diagnosis method according to claim 1, wherein
the SOC of each cell when the battery pack is fully
charged i1s obtained using an initial value of the SOC and
the electric charge capacity of the cell and an electric

charge until any of the cells 1s fully charged.

[Claim 10]
The diagnosis method according to claim 1, wherein

using a minimum voltage, a discharging current, an OCV
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table, and a discharge resistance table with the time when
the battery pack is discharged from a full charge and any
of the cells reaches the minimum voltage as the time when
the discharge of the battery pack is ended, a discharge end
SOC of each cell i1s obtained, an average voltage of each
cell from the time of the full charge to the end of the
discharge is obtained, and a total sum of the products of
the average voltage and the electric charge capacity of each

cell i1s defined as the current energy capacity.

[Claim 11]

The diagnosis method according to claim 1, wherein

a user is notified of a result of determining whether
or not a threshold condition for the energy capacity of the

battery pack is satisfied.

[Claim 12]

The diagnosis method according to claim 1, wherein

a fTunction indicating deterioration of the battery
pack is obtained using data on the energy capacity of the
battery pack,

a replacement time of the battery pack i1s predicted
from this function, and

a user i1s notified of the replacement time.
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[Claim 13]
The diagnosis method according to claim 12, wherein
a time when the speed of progress of the deterioration
becomes equal to or greater than a predetermined value is
predicted from the function indicating the deterioration,

and the user is notified of the time.

[Claim 14]
The diagnosis method according to claim 10, wherein
the energy capacity after unbalance is eliminated 1is
obtained by the same calculation as the calculation of the
total sum of the products used when calculating the current

energy capacity.

[Claim 15]

The diagnosis method according to claim 1, further
comprising:

a step of obtaining function data of the OCV for each
cell; and

a step of creating the resistance table of each cell

using the function data and the detected data.

[Claim 16]
The diagnosis method according to claim 15, wherein

the  function data iIs obtained by  function
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approximation using the voltage and the SOC of each cell
before and after a paused state having no charge nor

discharge of the battery pack.

[Claim 17]
The diagnosis method according to claim 15, wherein
the detected data includes a representative SOC of the
battery pack, and

the representative SOC i1s used as the SOC.

[Claim 18]

The diagnosis method according to claim 15, wherein

in the resistance table of the cell, using past ones
of the function data, the representative SO0C, and the
detected data, data of the resistance during charging of
the cell corresponding to each temperature and each SOC is
obtained by function approximation as a value obtained by
dividing the difference between the OCV and the voltage of

the cell by the current of the cell.

[Claim 19]
The diagnosis method according to claim 15, wherein
the voltage of each cell is measured by performing a
capacity check test of the battery pack, and

the function data of the OCV 1i1s obtained using the
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voltage value.

[Claim 20]
The diagnosis method according to claim 15, wherein
when a positive electrode material and a negative
electrode material of the cell are known, the function data
of the OCV 1is obtained by function approximation using a
potential table of the positive electrode material and the

negative electrode material.

[Claim 21]
The diagnosis method according to claim 20, wherein
the resistance table i1s created using the function
data of the OCV obtained by the function approximation and
a resistance table of the positive electrode material and

the negative electrode material.

[Claim 22]
The diagnosis method according to claim 1, wherein
the battery pack is built into an electric vehicle,
the detected data 1i1s transmitted to a diagnosing
device installed inside or outside the electric vehicle,
and
the diagnosing device calculates the energy capacity

of the battery pack.
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[Claim 23]
The diagnosis method according to claim 22, wherein
the diagnosing device 1is installed outside the
electric vehicle, receives the detected data of a plurality
of the electric vehicles, and calculates the energy capacity

of the battery pack of each of the electric vehicles.

[Claim 24]

The diagnosis method according to claim 1, wherein

the battery pack is built into an electric vehicle,
and

a user is notified of a result of determining whether
or not at least one of the mileage of the electric vehicle,
the number of rapid charging times of the battery pack, the
number of times the temperature of the battery pack exceeds
a threshold, an assessed price when the battery pack Is used
in the electric vehicle, an assessed price when the battery
pack 1s used In a vehicle other than the electric vehicle

is satisfied as a threshold condition.

[Claim 25]
A device for diagnosing a battery pack, comprising:
a SOC calculation unit;

a battery pack energy capacity calculation unit; and
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a storage device having a resistance table, wherein

the SOC calculation unit calculates an electric charge
capacity and the SOC of each cell using the current and
temperature of the battery pack having a configuration in
which a plurality of cells are connected iIn series, a
voltage of each cell, an O0OCV-SOC function, and the
resistance table, and calculates an amount of unbalance,
which is an estimated value of the SOC, and a resistance of
each cell when the battery pack is fully charged, and

the battery pack energy capacity calculation unit
calculates the energy capacity of the battery pack using
the electric charge capacity, the amount of unbalance, and

the resistance.

[Claim 26]

A device for diagnosing a cell, comprising:

a SOC calculation unit; and

a storage device having a resistance table, wherein

the SOC calculation unit calculates an electric charge
capacity and the SOC of each cell using the current and
temperature of a battery pack having a configuration in
which a plurality of cells are connected iIn series, a
voltage of each cell, an O0OCV-SOC function, and the
resistance table, and calculates an amount of unbalance,

which is an estimated value of the SOC, and a resistance of
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each cell when the battery pack is fully charged.



